Abstract: Surface deposits and sediment cores were collected from the Upper Bonny Estuary, located in Southwest Nigeria, and analyzed to determine spatio-temporal and vertical distributions of radionuclide activities expressed in Bq·kg -1 dry weight. The results of activities of naturally occurring radionuclides of 226 Ra (15 ± 2 -34 ± 3 Bq·kg -1 ), 228 Ra (32 ± 5 -48 ± 6 Bq·kg -1 ), 40 K (264 ± 29 -462 ± 36 Bq·kg -1 ) were found to be all within the range of typical values reported for coastal regions. Ratios of 226 Ra to 228 Ra suggested accretion for all samples with low sediment accumulation registered during rainy months. In addition, vertical distributions at the three sampling sites were also studied with the initial aim of establishing chronologies from the decay of excess 210 Pb. In two cores, excess 210 Pb, estimated by subtracting 226 Ra from total 210 Pb on a layer-by-layer basis, exhibit relatively constant activity with discrete minima and maxima. Therefore, these cores were excluded from radiometric dating. Only the third core could be dated by the constant rate of supply model, and 137 Cs was utilized to validate the 210 Pb chronology.
INTRODUCTION
The Niger delta region of Nigeria is bounded to the south by the Atlantic Ocean. It covers about 50% of the total length of the Nigerian Coastline and it is situated in the Gulf of Guinea, located between 5° E to 8° E longitude and 4° N to 6° N latitude. It is the largest wetland in Africa and the third largest in the world consisting of flat low lying swampy terrain that is criss-crossed by meandering and anastomosing streams, rivers and creeks.
However, this ecosystem is under threat from pollutants generated by oil and gas related installations, including flow stations, oil well heads, loading terminals and tank farms.
The Bonny Estuary is one of the numerous low land coastal rivers of the Niger Delta Complex (Fig. 1) . It is located between 4° 25" and 4° 50" N latitude and 7° 00" and 7° 15" E longitude in River State, Nigeria. Like most other rivers in this region, it is short, extending to approximately 180 km from its mouth. It is mainly blackish with very little freshwater discharge, mostly from the New Calabar river system, and consists of a main river channel and a large number of associated creeks and creek-lets. The Bonny Estuarine system (maximum width of 2 km and maximum depth of approximately 15 m near the mouth) has the largest tidal volume of all river system in the Niger Delta and it is mostly affected by tidal movement. The climate of the study area, located in the upper part of the Bonny Estuary, is tropical and marked by two distinct seasons, the dry season (November -March) and the wet season (April -October). A study on water quality in the Upper Bonny Estuary is presented in Inyang et al. (2011) .
Only few studies related to naturally occurring radionuclide activities in some environmental matrices have been conducted in coastal areas in Nigeria. Radionuclides, mainly gamma emitters such as 40 K, 226 Ra and 232 Th have been measured recently in soil, sediment and water (Farai et al., 2006; Arogunjo et al., 2009 and Agbalagba and Anoja, 2011) . Activities of 40 K, 238 U and 232 Th radionuclides were measured in soil samples around the coastal area in Nigeria . Results from this work were seriously criticised and qualified as being impossible and improperly determined .
Sediments in estuarine systems have been considered as the final fate of radionuclides, among other pollutants, and, therefore, their analysis provide more reliable assessment of radioactive pollution than that of water (Laissaoui et al., 2013) . The reason is that the rate of change of pollutant concentrations in sediment is extremely slower than in water. Furthermore, profiles of radionuclides, such as 210 Pb and 137 Cs, are commonly used for quantifying sediment accumulation rates and deposition dates as a function of depth. Such methodology has shown, during the last decades, its usefulness in establishing chronologies of contaminant inputs and sediment dynamics in natural aquatic systems over the past 100-150 years (Appleby, 2008; Begy et al., 2011 and Szczepańska et al., 2012) . This work, which was conducted within the framework of an IAEA regional project, had several objectives. First, we sought to determine levels of radionuclide activities in sediment samples from the Upper Bonny Estuary, an area with no existing radiological data, using low level gamma and alpha spectromeries. Second, we studied the spatial and temporal variations of naturally occurring radionuclides, and explored their vertical distributions in three sediment cores collected from sites of diverse sedimentary characteristics. Dating sediment using the unsupported 210 Pb and the Constant Rate of Supply model was applied for establishing age/depth and mass accumulation rate/depth relationships.
MATERIAL AND METHODS

Sampling and samples treatment
Sediment cores were retrieved from shallow marginal areas at three stations belonging to the upper Bonny Estuary in August 2011 using an Uwitec gravity corer of 10 cm internal diameter. Sampling locations are shown in Fig. 1 . An early study on textural characteristics of sediments reported that the channel centre is mainly fine and coarse sands, while silt and clay are predominant in marginal areas (60-100%) characterised by weak tidal currents which promote the deposition of fine sediment (Dublin-Green, 1985) . Two cores, 32 cm and 30 cm depth, were collected from station 1 (St-1) and station 2 (St-2) respectively located downstream of the Bonny Estuary. This area is characterised by intensive human activity (navigation, fishing and land-based industrial and commercial facilities). The core from station 3 (St-3) was only 20 cm depth and was retrieved from a relatively low energy environment on the left bank of the river. In addition, sediment surface samples (6 cm depth) were also collected, using a PVC tube of 10 cm internal diameter, from the three stations during different months (August, October and December 2011, and February and May 2012) covering rainy and dry seasons.
The sediment cores were immediately transported after retrieval to the laboratory for pre-treatment and conditioning prior to radiometric analyses. Each core was sectioned into 2 cm slices and wet sub-samples were weighed and then dried in an oven, using a constant temperature of 80°C during 24 h. Dry samples were weighed again and the content of water in each stratigraphic level was calculated for the three cores. Bulk densities were determined from water content and particle density of each slice. Finally, dried sediment was ground in a mortar to fine powder and homogenised for subsequent alpha and gamma emitters analyses. Organic matter content was calculated as the difference in weight between the dried sediment and the ash obtained following ignition at 550ºC for 24 h.
Radiometric measurements
Activity of 210 Po was determined more than a year after sampling, so it was assumed that secular equilibrium with its parent 210 Pb had been achieved. Therefore, it was only possible to determine total 210 Pb activities at the sampling date. An aliquot of about 0.5 g of dry sediment was weighed in an acid cleaned beaker, spiked with a known activity of 209 Po yield tracer (the certified activity concentration is 0.357 ± 0.011 Bq·g -1 ) and totally digested using concentrated nitric and perchloric acids. A review of 210 Po determination can be seen in Mathews et al. (2007) . The digested sample was evaporated to almost dryness and treated by evaporation with concentrated hydrochloric acid three times and, finally, dissolved in 80 ml of 0.5N HCl. About 50 mg of ascorbic acid was added to reduce any iron present in the solution. Polonium was auto-deposited onto a Platinum coated disc for 6 hours of heating at 80°C and stirring of the solution. The prepared alpha-sources were analysed by alpha-ray spectrometry using silicon surface barrier detectors (EG&G) Ra, respectively. The flasks were stored for more than 21 days and then counted for 24 hours each one. In some cases, and due to the small quantities of sediment in the upper layers of each core, we combined two to three adjacent sub-samples to reach the working geometry.
226 Ra activity was obtained from the 214 Bi photopeak at 609.3 keV. Due to the low activity of 137 Cs and the low amounts of sub-samples (around 20 g), a detector of HPGe of relative efficiency 70% was used for the determination of this radionuclide in each stratigraphic level. Energy and efficiency calibrations of the gamma spectrometers were carried out using a multigamma source provided by Amersham and consisting of a mixture radionuclides emitting, each one, one or two γ-rays in the energy range of 150-1800 keV. A known amount of the standard solution was diluted in the same geometry as the samples. The activity concentration (in Bq·kg -1 ) in each sample of all the studied radionuclides was determined from the net peak area, detector efficiency, gamma intensity and sample weight. The analytical procedure was checked using reference material (IAEA-327). Good agreement (>90%) was found between measured and certified values for 214 Bi, 228 Ac and 40 K.
RESULTS AND DISCUSSION
Surface samples (spatial and temporal trends)
Spatial and temporal variations of radium isotopes concentrations ( 226 Ra and 228 Ra) are plotted in Fig. 2 .
228
Ra showed a fairly uniform distribution among locations and months (within error range), while 226 Ra displayed some variability with almost usually lower activity concentrations in dry months (February and December) than in rainy months (May, August and October). The highest values were registered during rainy months which could be attributable to the incorporation of 226 Ra-enriched particles eroded from the surrounding drainage area to the sediment.
Total 210 Pb in surface samples was determined via its daughter 210 Po by alpha spectrometry assuming that the secular equilibrium between both radionuclides was achieved. Activity concentrations, corrected to the sampling dates, are plotted in Fig. 3 . The activities in St-3 were found lower than those in St-1 and St-2 with the lowest activity (56 ± 6 Bq·kg -1 dw) registered in the sample collected in December (dry month). The unsupported component of 210 Pb in estuarine sediment has two sources: the atmospheric, which should be the same for the three stations due to their proximity from each other, and sedimentation of 210 Pb adsorbed onto particles delivered by the river inputs and/or dredging activities. Therefore, low sedimentation rate in St-3 could be behind the low 210 Pb activity concentration in surface sediment. 40 K is a radionuclide which is indicative of finegrained clay sediments found in harbour and channel environments (Noakes, 2003) . for St-1. Therefore, there are no significant enhanced concentrations, within error ranges, of this radionuclide that could identify preferential sites and/or months for deposition of particles.
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Vertical distributions
The above studied radionuclides for surface sediment samples were also assessed in the sub-samples of each one of the three cores with depth. Ra activity ratios range from 0.95 ± 0.08 to 1.02 ± 0.08 for St-1, from 0.86 ± 0.17 to 1.02 ± 0.19 for St-2 and from 0.94 ± 0.12 to 1.01 ± 0.16 for St-3), which means that these two radionuclides are within error ranges in secular equilibrium at the study site. The profiles of Fig. 4 displayed fairly homogenous distributions throughout the cores with the only exception for 40 K in St-3. A relatively visible increase of this radionuclide activity in the basal 6 cm of the core was observed. This enhancement of 40 K may be attributed to the different origin of particles present in the deepest layers of the core that, thus, may contain more fine-grained clay sediment than the rest of the core. Vertical distributions of organic matter content are also depicted in Fig. 4 for each coring site.
The total
210 Pb and 226 Ra activities throughout the three cores were determined (Fig. 5) with the aim to carry out radiometric dating. Vertical distributions corresponding to St-1 and St-2 did not exhibit significant decrease in 210 Pb with depth, but rather relatively constant activities with discrete maxima and minima. Unsupported lead-210 ( 210 Pb xs ), obtained by subtracting on a layer-by-layer basis the supported fraction (in equilibrium with 226 Ra) presented the same trends of variation as total 210 Pb and did not drop to zero in the basal layers. Therefore, these cores (St-1 and St-2) were qualified as incomplete and disturbed, and were excluded from calculations of sedimentation rates, ages and total inventories of 210 Pb xs . As mentioned before, St-1 and St-2 belong to an area characterised by intensive human activity (navigation, fishing and land-based industrial and commercial facilities) inducing physical disturbances in the sediment. On the other hand, 226 Ra at St-3 showed an atypical distribution with depth, especially at 10-12 cm and the basal three layers where the corresponding activities exceeded unexpectedly total 210 Pb, introducing then difficulties in estimating unsupported 210 Pb. Such behavior (Ra-226>Pb-210) was also observed in other studies in the up-core layers (Ravichandran et al., 1995) incorporation to the sediment of Ra-enriched material, and to Rn-222 escape. This disequilibrium could be partially correlated to the organic matter content (OMC plotted in Fig. 4 ) in these layers, since 226 Ra activity increases as OMC decreases, but evidently, the profiles at St-1 and St-2 did not exhibit any pattern of variation with OMC.
The presence of 226 Ra at concentrations larger than total 210 Pb could be a result of several factors. First, it is well known that Ra is relatively soluble, especially in brackish and saline waters, so that sediment pore waters are usually enriched in Ra isotopes. Enhanced levels of Ra were expected in the study area due to the massive pumping upwards of Ra-enriched particles with formation water during oil exploration (Kolb and Wojcik, 1985) , which began in early 1900. It is therefore possible that dissolved Ra in interstitial water had enough time to diffuse down-core and, then, enhance its concentration in deeper layers. Second, it was stated that 226 Ra/ 210 Pb disequilibrium could be a result of supported 210 Pb depletion caused by radon escape (Imboden and Stiller, 1982; Ravichandran et al., 1995) . However, in our case only deep layers were affected by this disequilibrium so that radon escape is unlikely to be the major reason. Third, as 210 Pb and 226 Ra were measured by means of two independent techniques (alpha and gamma spectrometry, respectively), variations in grain size distributions could be a potential source of error in alpha spectrometry (Zaborska et al., 2007) . Indeed, 210 Pb activity concentrations were determined in small aliquots (<0.5 g), which could have possibly introduced underestimations due to grain size effect (i.e. two analyzed aliquots of the same sample may lead to relatively different concentrations).
Pb dating of the core from St-3
In the case of the core collected at St-3, a special assumption was made in an attempt to apply conventional dating models. Unsupported 210 Pb activity is commonly determined by subtracting 226 Ra activity, assumed to be in equilibrium with supported 210 Pb, from total 210 Pb measured at each stratigraphic level. However, in many studies, estimation of unsupported 210 Pb is usually carried out successfully from the mean total 210 Pb activity at depths where 210 Pb activity is constant (Schelske et al., 1994 , Brenner et al., 2004 , Tylmann, 2004 . In this way, the core ST3 was dated by using only 210 Pb measurements since a constant level of this radionuclide was found below 10 cm depth. Thus, the averaged activity of the five down-core layers was subtracted from measured total 210 Pb activity at each depth in the core to obtain the excess 210 Pb profile plotted in Fig. 5 . The total inventory (the sum of the product of activity, bulk density and thickness of each section) was 1597 ± 82 Bq·m -2 , much lower than the partial inventories for St-1 and St-2 cores (>22.10 3 Bq·m -2 for St-1 and >10 4 for St-2). These differences in inventories from one site to another could be attributable to horizontal transport within the estuary and, in major extent, to the variability in sedimentation rates at specific sites (Heltz et al., 1985) . Only a small fraction of atmospherically derived 210 Pb was deposited with particles at St-3. The annual flux of 210 Pb xs onto sediment at St-3, calculated as the product of λ, the decay constant of 210 Pb, and the total inventory, was 49.6 ± 2.5 Bq·m -2 ·y -1 . Unsupported 210 Pb has been widely and successfully used as a chronometer in sediment geochronological studies (see for instance Laissaoui et al., 2008) . The CSR model (Constant rate of supply) and CIC model (Constant Initial Concentration) were applied to the 210 Pb xs profile of the core collected at St-3. The CRS model assumes that the input of excess 210 Pb to the sediment at a given location is quite uniform over a period of time at least close enough to the age of the core. A full description of the methodology using 210 Pb in sediment chronologies can be seen in Appleby and Oldfield (1992) , and examples of potentials and limitations of conventional dating models is given in Kirchner (2011) . The CRS model was applied successfully, and calculated ages and sedimentation rates for each stratigraphic level are depicted In Fig.  6 . Sedimentation rate have fluctuated over the last ~70 years due to anthropogenic activities in the surrounding area. A single relatively fast sedimentation (0.109 ± 0.004 g·cm -2 ·y -1 ) was recorded for a depth of 2-4 cm in the core which could be explained as an effect of acceleration in sedimentation rate due to physical processes. Unlike St-1 and St-2, sediment accumulation at St-3 is relatively low (0.124 cm·y -1 ) because of the long distance (about 3 km) to the nearest site of intensive human activity. Nevertheless, high resolution core is required for a better quantitative description of historical sedimentation in this area.
The CIC model was also applied for comparison purposes.
210
Pb xs activities were fitted to an exponential decay (Fig. 7) . The quality of the least-square fitting was poor (χ 2 = 43) and, consequently, the stratigraphic ages provided by this model were quite different from those calculated by the CRS model for some layers. The CIC sedimentation rate was 0.064 ± 0.004 g·cm -2 ·y -1 and was within the range of the values found throughout the core using the CRS model. 210 Pb chronology should be confirmed by a second independent tracer.
137 Cs, which is an artificial radionuclide resulting from nuclear bomb testing and detonations since early 1945, can be used to identify the period of maximum atmospheric fallout. However, deposition of this radionuclide has been recognized, through comprehensive compilation of its global fallout, to be different in the northern and southern hemispheres (Pfitzner et al., 2004) . It was expected, therefore, that 137 Cs activity concentrations in our sediment samples from the Bonny Estuary, being a tropical area, were relatively low. Effectively, 137 Cs in the sub-samples of the core collected at St-3, as shown in Table 1 , were below or slightly above the limit of detection of our detection system (HPGe gamma spectrometer of 70% of relative efficiency). According to the CRS ages, the period of maximum fallout (1963) should be at 6-8 cm depth in the core. The measured activity in this layer was 1.42 ± 0.12 Bq·kg -1 , higher than the activity of the immediate below layer, 8-10 cm, which was <LD = 1.24 Bq·kg -1 . It should be considered that the activity measured in the 6-8 cm layer is the mean value of activities of a number of thin layers deposited during a period of about 15 years according to CRS model. Thus, the 2 cm thickness is itself a layered structure due to the low sedimentation rate (0.124 cm·y -1 ), and, thus, the maximum activity corresponding to 1963 is diluted in the surrounding sediment of relatively low 137 Cs content. On the other hand, activities of the above layers (0-2, 2-4 and 4-6 cm) were both undetectable due to the low amount of the analysed material, and the corresponding limits of detection were higher than the activity concentration of 6-8 cm depth. This, in addition to the low core resolution (2 cm), introduced serious difficulties in identifying the depth of the peak associated to atmospheric weapons testing. Nevertheless, 137 Cs activities measured individually in the basal 10 cm of the core were all below LD = 1.20 Bq·kg -1 , and less than 0.70 Bq·kg -1 when combined together. Such a finding put in evidence that the sediment below 10 cm depth in the St-3 core, where no 137 Cs activity could be observed, was deposited before the beginning of the period of nuclear detonations, in perfect agreement with CRS ages (before 1940). If there is any 137 Cs in these layers, it could be explained by one or a combination of two factors: i) its desorption from the overlaying sediment particles and its diffusion into deeper sediment; the distribution coefficient of Cs is about two to three orders of magnitude lesser than that of highly reactive particles such as Pu and Am (IAEA, 2004) ; and ii) cross contamination among layers during coring operation.
CONCLUSION
In this work we studied radionuclide distributions in surface samples collected at different months and locations and in three sediment cores retrieved from sites of diverse sedimentary patterns within the upper Bonny Estuary.
210
Pb activities were found relatively lower in one site (St-3) than in the two others (St-1 and St-2) due to differences in sedimentation rates. In general, no significant enhancement of radionuclide concentrations was detected in the study area. Vertical distributions of radionuclides throughout the three cores were almost homogenous with some exceptions; 210 Pb showed some variability, such as visible decrease with depth at St-3, while the most striking result is an extraordinary increase in deep layers of the same core of 226 Ra activities, exceeding total 210 Pb activity concentrations. Therefore, only this core could be dated after making a special assumption. 137 Cs, whose activities were around 1.3 Bq·kg -1 , was used as an independent tracer for chronology validation. Unfortunately, and due to the low amount of material analysed, in addition to the poor core resolution (2 cm), it was impossible to identify the depth of the peak of maximum 137 Cs fallout. But the age/depth relationship provided by CRS dating model was in good agreement with the undetectable levels of 137 Cs reported for the 10 cm bottom of the core, which constitutes a qualitative validation of the chronology established from the decay of excess 210 Pb. Nevertheless, high core resolution is required for more accurate dating and validation, and it is advisable to use another time-marker such as Plutonium.
The levels of radionuclide activities reported in this paper are the first such a data in the Upper Bonny Estuary and, therefore, the results should be of interest for future radioactive monitoring efforts.
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